ABSTRACT: A series of poly(ethylene terephthalate-co-isophthalate) copolyesters containing up to 50%-mole of isophthalic units were prepared by polycondensation from ethylene terephthalate and ethylene isophthalate fractions of linear oligomers containing from 5 to 6 repeating units in average. The polyesters were obtained in good yields and with high molecular weights. The microstructure of the copolyesters was studied as a function of reaction time by 13 C-NMR showing that a random distribution of the comonomers was achieved since the earlier stages of polycondensation. The melting temperature and enthalpy of the copolyesters decreased with the content of isophthalic units so that copolyesters containing more than 25% of these units were amorphous. Isothermal crystallization studies made on crystalline copolyesters revealed that the crystallization rate of copolyesters decreased with the content in isophthalic units.
INTRODUCTION
Poly(ethylene terephthalate) (PET) is a semicrystalline thermoplastic currently obtained from terephthalic acid (TPA) and ethylene glycol (EG). It is widely used in the textile and packaging fields to produce fibers, films and bottles 1 due to its excellent thermal and mechanical properties, high chemical resistance and low permeability to gases. Since for some applications a high transparency is also required, minor amounts of comonomers as diacids [2] [3] [4] or diols [5] [6] [7] [8] [9] are added to repress the tendency of this polymer to crystallize. A review on the thermal properties and crystallization behavior of PET by copolymerization has been published by Kint et al. 10 The comononers mostly used for such purpose in blowing-injection applications are isophthalic acid 11, 12 (IPA) and cyclohexanedimethanol 13 (CHDM) due to the improvement in the barrier properties and impact resistance they provide to their respective resulting copolyesters, as well as diethyleneglicol (DEG), a comonomer that is also effective in repressing polymer crystallization.
14 Poly(ethylene terephthalate-co-isophthalate) copolyesters (PET x I y ) where x and y denote the molar content of terephthalate and isopthalate units respectively, are usually obtained by a two stage melt polycondesation process. 15, 16 In the first step TPA and IPA react with EG under slight over-pressure (2-5 bar) at around 250-260 ºC to produce a co-oligomeric mixture containing from 5 to 10 repeating units in average, depending on the excess of glycol added. The molar ratio diacid/glycol frequently used is 1/1.1-1.2 so the final product at the end of the esterification step is a random ethylene terephthalate-co-isophthalate oligomer ending mostly in glycolic units. These co-oligomers are then transferred to the polycondensation reactor or reactors, where temperature is increased at 270-285 ºC and pressure is gradually reduced to 1 mbar to remove the excess of EG produced in the transesterification reaction and to increase therefore the molecular weight. This reaction usually takes around 90 min in the presence of catalyst (Sb 2 O 3 , GeO 2 ) to afford a fair molecular weight polyester with a random microstructure. An increase in the polycondensation time gives rise to both yellowing and molecular weight decrease due to thermal degradation. Then the strategy to produce high molecular weight copolyesters is to introduce the polymer crystallized as pellets into a solid state polymerization reactor where the polycondensation reaction (SSP) is forced to continue at temperatures near below its melting temperature. 17 Due to the growing production of PET x I y copolyesters, new synthesis methodologies and industrial processes are being explored nowdays. 18, 19 However, as 3 far as we know, none of them use linear oligomers as the starting material. This approach would be readily applicable by simple implementation of the common PET line production with an additional esterification reactor where ethylene isophthalate oligomers were produced and then loaded to the reaction vessel just before the polycondensation step. In this work we have studied the preparation of PET x I y copolyesters by polycondensation reaction of mixtures of ethylene terephthalate and ethylene isophthalate linear oligomers which were previously synthesized for this purpose. The evolution of the microstructure with reaction time is assessed by 13 C-NMR and the thermal properties and crystallizability of the copolyesters are evaluated by DSC and TGA.
EXPERIMENTAL SECTION Materials
Terephthalic acid (TPA) (99%), isophthalic acid (IPA) (99%), ethylene glycol (EG) (99%) and germanium dioxide (99%) were kindly supplied by Artenius Prat (La Seda de Barcelona S.A.) and used without further purification. Dichloro acetic acid and diethyl ether used for purification and other analytical purposes were analytical grade (Aldrich) and used as received.
Synthesis
The procedure applied for the synthesis of PET and PEI oligomers (OET and OEI, respectively) was as follows: 350 g of TPA or IPA (2.11 mol), 157. Isothermal crystallization studies were performed on amorphous quenched films at different temperatures. Thermogravimetric analysis (TGA) were carried out on a PerkinElmer TGA-6 thermobalance at a heating rate of 10 ºC·min -1 under a nitrogen atmosphere.
RESULTS AND DISCUSSION
The PET x I y copolyesters described in this work were prepared by a two-step melt polycondensation reaction as indicated in Scheme I.
Scheme I
Firstly the ethylene terephthalate and ethylene isophthalate oligomers were produced separately. This step requires working at a slight over pressure in order to increase the reaction temperature to the value at which both the terephthalic and isophthalic acids become almost soluble in EG. The chemical structure of the oligomeric fractions was characterized by NMR and their sizes were determined using end group data afforded by NMR and carboxyl end group titration. The content in hydroxyl end groups expressed in meq.kg -1 was estimated by integration of the signals at 4.8 and 4.2 ppm arising from the oxyethylen and hydroxyethylen end groups respectively using the following expression:
where a and b are the integrals at 4.2 and 4.8 respectively.
The content in carboxylic end groups were measured by titration with tetrabutyl ammonium hydroxide.
From the values of [OH] and [COOH] the number average degree of polymerization (x n ) can be calculated using the following expression: As it can be seen in Table I , a number average of 5.7 and 5.4 repeating units were calculated for OET and OEI oligomers, for which around 15 and 20% of carboxylic end groups were found, respectively. These values are close to 5, which is the value theoretically calculated for a relation diacid/EG of 1/1.2 Table I In the second step, which was carried out in the polycondensation reactor, OET and OEI oligomers were blended in the required proportions to obtain the corresponding copolyesters with the chosen compositions. The reaction was carried out at higher temperature (290ºC) and under vacuum to remove the excess of EG added in the feed. The copolyesters obtained are listed in Table II , where the feed content, viscosity, molecular weights and polydispersity are given for each sample. The intrinsic viscosity of the copolyesters was between 0.7-0.8 dL·g -1 indicating that the copolymers have moderate molecular weights. The GPC analysis afforded higher values but with a tendency fully consistent with the observed viscosities. They all have polydispersities around 2. Table II The chemical structure of the polyesters was ascertained by NMR spectroscopy. Table III In order to investigate the microstructure of the resulting copolyesters, the evolution of 13 C-NMR spectra with polycondensation time was recorded. As it was reported before, 22 the non protonated aromatic carbons of isophthalic and terephthalic units were sensitive to sequence distribution at the level of dyads and triads respectively. These signals were therefore used to estimate the number average sequence lengths and randomness of the copolymer that was generated as the reaction proceeded. Figure 2 shows the 13 C-NMR spectra for the PET 50 I 50 copolyester, the initial mixture of the OET y OEI oligomers, the product resulting at the end of the esterification step and the copolymer formed at progressively longer polycondensation times.
Figure 2
As it is shown in Figure 2 , the signals that in the physical mixture appear as single peaks (labeled as 1), at the end of the esterification step were split in 4 and 2 peaks for the quaternary aromatic carbons of terephthalate and isophthalate units respectively (labeled as 2 and 6). By integration of such peaks the evolution of the average sequence lengths and randomness of the copolymer could be evaluated as a function of reaction time. As it can be observed in Table IV , the copolyesters obtained at the end of the esterification step display a certain blocky microstructure, whereas those obtained after polycondensation were almost random even after short reaction times. These results evidence that the transesterification processes leading to randomization occur very fast at 290 ºC in these low viscosity oligoesters. As a consequence, the resulting PET x I y copolyesters have a microstructure practically undistinguishable from that present in these type of copolyesters obtained by polycondensation of the monomers.
23 Table IV The thermal behavior of PET x I y of copolyesters was examined by DSC and TGA. As it can be seen in Table V 
